Surface carbohydrates of Giardia lamblia were examined using six plant lectins chosen because of their specificity for major carbohydrate moieties. The binding to axenically grown G. lamblia trophozoites was assessed in both a quantitative microagglutination assay and a fluorescence assay. Of the six lectins tested, wheat germ agglutinin (WGA) agglutinated the highest percentage (22.9 ± 3.7%) of live trophozoites, and fluorescein-labeled WGA (100 Ag/ml) bound to 98 ± 5% of them. Since the carbohydrate specificity of WGA includes both N-acetyl-Dglucosamine (GlcNAc) and sialic acid, inhibition experiments were performed. GlcNAc inhibited the binding of WGA to G. lamblia in both assays to a greater extent than did sialic acid. Binding of WGA was not altered by prior treatment of trophozoites with neuraminidase, suggesting that WGA was binding to GlcNAc moieties on G. lamblia and not to sialic acid. The remaining five lectins either bound nonspecifically or exhibited low percentages of binding. The apparent presence of GlcNAc but not sialic acid or other exposed surface carbohydrates may be important in the interaction of G. lamblia with its human host.
Giardia lamblia is an intestinal protozoan which is a frequent cause of both endemic and epidemic diarrheal illness worldwide. Several recent water-and foodborne epidemics have occurred in the United States (6, 10, 15, 21) , causing significant morbidity. Despite this prevalence of giardiasis, little is known about the pathogenesis of disease, the interaction of the organism with host defense mechanisms, and the basic parasitology of the protozoan, including its cell surface characteristics.
Microbial surfaces and membrane-associated glycoproteins are important in many stages of disease (27) . These may include pathogen adherence and colonization (2, 14) , host humoral and cell-mediated immune response, and microbial susceptibility to complement, phagocytosis, and intracellular killing (11, 27) . In a number of instances, the basic properties of microbial cell surfaces have been shown to impair host immune responses (4) . In the case of Giardia, it is likely that its surface plays a role in adherence to intestinal mucosa and the subsequent interaction with humoral and cellular host defense mechanisms. Therefore, a study of the surface characteristics of G. lamblia was undertaken to enhance our understanding of both the parasite and the pathogenesis of giardiasis.
The recent development of an axenic culture technique (28) for G. lamblia made possible this in vitro study of a human isolate (18) . Using oligosaccharide-specific plant lectins as probes, we examined representative surface carbohydrates of Giardia in microagglutination and fluorescence assays. Giardia organisms bind the lectin wheat germ agglutinin (WGA), but in contrast to other pathogenic protozoa (8, 17, 22) Inhibition of FITC-lectin binding to Giardia was studied by incubating both lectin and Giardia trophozoites with 100 mM monosaccharides for 30 min before performing the fluorescence assay.
Neuraminidase treatment of Giardia. WGA binds to both GlcNAc and sialic acid moieties (1, 23 assayed. An equal number of non-enzyme-exposed, but otherwise identically treated, Giardia served as a control to the enzyme-exposed group.
The efficacy of neuraminidase treatment was verified by concomitantly treating human erythrocytes and determining the ability of PNA (5 ug/ml) to agglutinate a 1.5% suspension of cells. PNA agglutinates human erythrocytes only after they have been desialidated, thus exposing D-galactose residues (16) .
RESULTS
Agglutination assay. The agglutination of Giardia trophozoites by lectins of various saccharide specificities is shown in Fig. 1 (24) .
PHA and SBA agglutinated Giardia significantly (P < 0.04, paired t test) only at concentrations 2100,ug/ml, ConA agglutinated only at 250 ,ug/ml (P < 0.02), and PNA agglutinated at 500 ,ug/ml (P < 0.03). Even at these lectin concentrations, however, the number of agglutinated parasites was small. The maximum percentage of Giardia that agglutinated with PHA was 8.3 ± 1.6%, with SBA was 3.4 ± 0.3%, with ConA was 6.7 ± 0.9%, and with PNA was 5.4 ± 0.2%. Fucose binding protein agglutinated 10.3 ± 2.6% of Giardia at 500 ,ug/ml, and although this lectin produced significant (P < 0.04) agglutination at concentrations 225 ,ug/ml, aggluti- ( Fig. 1) . In the absence of lectin, 1.7 ± 0.2% of Giardia spontaneously agglutinated.
Fluorescein-labeled lectin assay. The relative fluorescence of Giardia trophozoites after treatment with FITC-labeled lectins with and without inhibiting monosaccharides present is shown in Table 1 . With FITC-WGA (100 ,Lg/ ml), 98 ± 5% of Giardia trophozoites exhibited fluorescence; 93 ± 3% of them were at the 2+ level. FITC-WGA bound to both agglutinated and unagglutinated trophozoites (Fig. 2) . As in the microagglutination assay, GlcNAc and NANA inhibited FITC-WGA binding. Only 13 ± 8% of Giardia were fluorescent in the presence of GlcNAc (100 mM), and 66 ± 18% were fluorescent in the presence of NANA (100 mM). At this inhibitory concentration of NANA, the trophozoites no longer appeared viable by morphological and motility criteria. Pretreatment with neuraminidase did not decrease fluorescence with FITC-WGA.
In contrast to the findings using FITC-WGA, we found that using FITC-PHA, FITC-ConA, FITC-PNA, and FITC-SBA (100 ,tg/ml) resulted in much lower percentages of fluorescent cells (Table 1) , and when present, fluorescence was generally 1+ rather than 2+. Although there was a suggestion of inhibition of FITC-PHA fluorescence by GalNAc (100 mM) and of FITCConA fluorescence by D-mannose (100 mM), the differences were too small to establish specific- The carbohydrate binding specificity of WGA is twofold. It specifically binds both terminal and internally situated, but exposed, GlcNAc and its ,-(1 -* 4) linked oligomers (1, 12) , and it also binds to NANA (3, 23) . Both of these saccharides may compete for some of the same combining sites (29) . Our studies suggest that WGA is binding to G. lamblia via GlcNAc or its oligomers. First, GlcNAc (5 mM) reduced WGA agglutination of Giardia by 56.7 ± 5.0%. This inhibition of agglutination was significantly greater than that with NANA. The concentration of GlcNAc used compares closely with the 30 mM concentration required to inhibit by 50% both WGA agglutination of rabbit erythrocytes (1) and hapten-induced WGA precipitation (12) , and the 12.5 mM concentration used to inhibit agglutination of human type 0 erythrocytes (3). Second, there was greater reduction of fluorescence by GlcNAc (100 mM) than by NANA (100 mM); 87% of Giardia showed no fluorescence with GlcNAc, as compared to 34% with NANA (Table 1) . Lastly, treatment of Giardia with a glycosidase, neuraminidase, did not significantly decrease WGA binding in either the agglutination or fluorescence assays. These results suggest the relative paucity of sialic acid residues on the surface of G. lamblia and the presence of exposed GlcNAc or its oligomers.
Although statistically significant agglutination was demonstrated for PHA, ConA, PNA, and SBA, the number of agglutinated parasites was small. In contrast to WGA, which bound to 98% of Giardia in the fluorescence assay, the low levels of agglutination produced by these lectins correlated well with low levels of binding observed in the fluorescence assay. The results suggest that, apart from GlcNAc, G. lamblia exposes little of the representative carbohydrate moieties on its surface.
Giardia differs from other protozoan parasites in the following two lectin binding characteristics. There was neither macroagglutination of Giardia in the standard slide agglutination test, nor significant specific binding of lectins, except WGA, in concentrations less than 100 ,ug/ml. Virulent strains of E. histolytica were strongly agglutinated in a macroagglutination system by low concentrations (10 ,ug/ml) of ConA (17) . In a fluorescence assay Sethi et al. (26) were able to demonstrate specific binding of FITC-conjugated ConA, WGA, and SBA in 10-ug/ml concentrations to isolated brain cysts of Toxoplasma gondii. Animal-passaged trophozoites, however, did not specifically bind these lectins. Leishmania donovani has been agglutinated by ConA (30 to 500 ,ug/ml) and PHA (120 to 500 ,ug/ml) (8) . Dwyer demonstrated macroagglutination of bloodstream and cultured forms of Trypanosoma lewisi trypomastigotes by ConA, SBA, WGA, and fucose binding protein (9) . Of the lectins tested, ConA produced specific agglutination at the lowest concentration, 10 lOg/ml. Recently, Pereira et al. (22) examined various forms of Trypanosoma cruzi and found differential agglutination of epimastigotes, bloodstream and cultured trypomastigotes, and amastigotes by lectins which bind GlcNAc, GalNAc, D-galactose, D-mannose, and sialic acid. In contrast to the findings for G. lamblia, they determined that the WGA receptor on epinmastigotes was not GlcNAc but sialic acid.
The failure of lectins to produce macroagglutination of G. lamblia necessitated the development of a microagglutination system. Even when this technique was used with WGA, fewer than 30% of the trophozoites were agglutinated in groups of three or more. The relatively low percentage of agglutination seen with WGA could not be ascribed to the selection of a small, unique subpopulation of Giardia trophozoites with exposed GlcNAc residues, since FITC-WGA was shown to bind to 98% of the trophozoites. Therefore, the failure of all lectins to produce macroagglutination of Giardia, and the small proportion of trophozoites which did agglutinate in the microsystem, appear to be related to inherent cell-surface characteristics.
Agglutination of cells by lectins is dependent upon several variables which include the valency of the lectin (a minimum number of carbohydrate combining sites sufficient for cross-linking of cells), the number of cells in the assay system, the ability of the cell membrane to cap, shed, or ingest bound lectin, the number of surface carbohydrate residues, and general membrane fluidity (5, 19, 20) . WGA is a tetravalent lectin which easily agglutinates cells in other systems (1, 3) . In our microagglutination assay system, the Giardia-lectin suspension was gently pelleted to assure adequate cell-to-cell contact. Furthernore, there was no evidence for capping or shedding of bound FITC-WGA at 370C. Therefore, the lack of macroagglutination of Giardia by WGA appeared to be due either to a relatively low number of exposed GlcNAc residues, or to a lack of parasite membrane fluidity which allowed only miniimal receptor clustering. Further study is needed to determine the role that these surface characteristics play in the pathogenesis of giardasis.
